The paper presents the design and investigation of a flexible all-textile antenna operating in the wireless body area network (WBAN) ultrawideband (UWB) specified by the IEEE 802.15.6 standard. The proposed antenna features an innovative and compact UWB radiator on top of the overall structure with a full ground plane on its reverse side. The radiator, which is based on a microstrip patch combined with multiple miniaturization and broadbanding methods, resulted in a simple topology and a compact size of 39 mm × 42 mm × 3 34 mm (0 51 × 0 55 × 0 043λ). In comparison to the literature, the proposed structure is considered to be the most compact microstrip-based textile UWB antenna to date featuring a full ground plane. The choice of the commercial textiles is also made based on cost efficiency, ease of accessibility, and ease of fabrication using simple tools. Meanwhile, the full ground plane enables the antenna operation in the vicinity of the human body with minimal body coupling and radiation towards it, ensuring operational safety. Besides its operation in the mandatory channels of the WBAN-UWB low and high bands, the proposed antenna also operates and preserves its performance in five other optional channels of the high band when placed on the body and under bend conditions of 30°and 60°. The proposed antenna successfully achieved the specific absorption rate below the regulated limit specified by the Federal Communications Commission.
Introduction
The ultrawideband (UWB) technology introduced by the Federal Communications Commission (FCC) [1] requires a wide operating bandwidth of 7.5 GHz. This requirement triggered widespread research in overcoming the narrowband property of conventional planar antennas for its application. The technology provided a capability for high data rate transmission with low-power spectral densities [2, 3] as compared to a conventional wireless communication system. Due to its immense potential in body-worn communications [4] , UWB technology was extended into the application of wireless body area network (WBAN). Based on the recent IEEE 802.15.6 WBAN standard [5] , two mandatory UWB channels (low and high bands) can be used for operations. The low band (LB) is divided into three operating channels: 0, 1, and 2, with each channel requiring a bandwidth of 500 MHz and a total required LB bandwidth of 1.5 GHz operating from 3.24 to 4.74 GHz. Channel 1 is the mandatory channel in LB with its operation centered at 3.99 GHz. The high band (HB) consists of eight operating channels from Channel 3 to Channel 10. Similar to LB, each channel requires a bandwidth of 500 MHz, with a total operating bandwidth of 3.99 GHz (from 6.24 GHz to 10.23 GHz). The mandatory channel in HB is Channel 6 centered at 7.99 GHz.
WBAN provides an immense potential in applications such as health monitoring [6, 7] , location tracking, and emergency rescue services [8, 9] . Such applications require wireless devices to operate in close proximity to the human body, demanding a requirement for antennas that use flexible materials. This is to ensure conformance to the users' body and ease of integration onto clothing and to guarantee comfort and safety to users due to their prolonged usage near or on the body. Due to the recent introduction of commercial conductive textiles, antennas for WBAN are increasingly designed and implemented fully using textiles [10, 11] . Besides being easily integrated to clothing, the use of textiles enables a degree of transparency to the users in contrast to conventional worn electronic devices such as smart watches, loggers, trackers, and mobile devices. However, the dielectric properties of the human body poses a challenge to the full implementation of such wearable antennas, as wireless signals from these wearable antennas are very likely to be coupled to the body, resulting in inconsistent or unreliable performance. This calls for a design of textile-based wearable antennas that are not susceptible to any on-body detuning to facilitate reliable WBAN communication.
One of the simplest and yet most effective method to protect the antenna against the effects of detuning caused by the human body (and vice versa) is the use of a full ground plane. Such ground planes, which need to be placed between the radiating element and the human body, are available in specific planar antenna types such as microstrip antennas. Moreover, the planar structure of the antenna is required to ensure proper integration onto the body using textile materials. However, the main limitation of this antenna type is its narrow bandwidth [12, 13] , which makes it unsuitable for UWB applications. Broadbanding efforts for microstrip antennas have been previously presented, with a recent work in [14] proposing a microstrip-based UWB textile antenna based on FCC's specifications, from 3.1 to 10.6 GHz, which resulted in minimal backward radiation. Besides its robust performance, the microstrip-based topology also provided safe specific absorption rate (SAR) values, which characterizes the level of electromagnetic absorption by tissues located in the proximity of the antennas [15] . A key factor in achieving the required UWB behavior in [14] is the combined use of various bandwidth enhancement techniques, at the expense of a relatively complex structure and large size. Inspired by [14] , this paper aims to reduce the complexity of the radiating patch and overall antenna size by employing few and effective bandwidth enhancement techniques. The paper aims to achieve the antenna operation in mandatory channels of WBAN specified by IEEE 802.15.6. To our best knowledge, the proposed antenna is the one of the first microstrip-based antennas fully implemented using textiles with optimized use of miniaturization techniques, featuring a full rear ground plane designed for operation in the IEEE 802.15.6 WBAN mandatory channels. This paper is organized as follows. Section 2 presents a detailed design procedure for the proposed antenna. Section 3 presents the performance assessment in terms of reflection coefficients, bandwidth, gain, radiation patterns, fidelity, and specific absorption rate (SAR). The concluding remarks are provided in the final section.
Antenna Design and Textiles
The textile antenna substrate is made using a 3 mm-thick felt textile. Felt is chosen in this work based on its costeffectiveness, ease of accessibility, and ease of fabrication in comparison to other textile materials such as Kevlar. The relative permittivity (ε r ) of felt is 1.45, and its loss tangent (tan δ) is 0.044. Meanwhile, ShieldIt Super from LessEMF Inc. [16] is 0.17 mm in thickness. Its conductivity is estimated to be 1 18 × 10 5 S/m [17] . The conductive textile is used to form the ground plane and radiating elements of the antenna. The final resulting structure is fabricated fully using textiles, except for the SMA connector which is integrated for evaluation purposes. The antenna design and simulations were carried out in CST Microwave Studio [18] .
2.1. Antenna Design. A well-known procedure proposed in [19] is used to calculate the initial dimensions of the antenna theoretically. To maintain a full ground plane, the dimensions of the ground plane and substrate are kept equal and are optimized to achieve a compact size while maintaining a simple structure. As previously described, the antenna design with a full ground plane is adapted to preserve the antenna performance when operated closely to the human body. The substrate and full ground plane are optimized with a dimension of 39 mm × 42 mm. To achieve dual-band operation, two separate feedlines are optimized by combining them to radiate in LB (centered at 4 GHz) and HB (centered at 8 GHz); see Figure 1 (a). Two feedlines consisting of a 11 × 10 mm 2 -shorter HB feed and a 20 × 6 mm 2 -longer LB feed are used to feed the two rectangular radiating structures. The corresponding performance of the reflection coefficients (S 11 ) from these feedlines are shown in Figure 2 . It indicated a resonance centered at 3.5 GHz in LB and centered at 8.3 GHz in HB.
Radiator A, which is a combination of a simple square radiator and two L-shaped radiators, is then added to the HB feed on the left in Figure 1 (a), prior to further optimization to obtain a wider operating bandwidth in HB. The two L-shaped radiators are combined with the square radiator to extend its operation in HB towards frequencies below 8 GHz, applying the concept of combined resonance. This square radiator radiates in HB between 9 and 10 GHz, whereas the L-shaped radiator radiates mainly at 8 GHz. The coupling between the square radiator and the folded L-shaped radiator also contributed to the bandwidth increase due to the added capacitance. The final combined antenna structure with the addition of radiator A is shown in Figure 1(b) . A wide operating bandwidth of 2 GHz is achieved, operating between 7.7 GHz and 9.7 GHz in HB. Besides that, the combination with the narrow L-shaped radiator arms also introduced a single resonance with a bandwidth of 315 MHz at 6.5 GHz, as shown in Figure 2 . This also resulted in a notch centered at 7 GHz with low impedance, contrary to about 50 Ω impedance observed throughout HB.
Upon the addition of radiator A to the feedline, another substructure, denoted as radiator B, is then integrated with the antenna. Its addition is aimed at achieving a wider bandwidth in HB by eliminating the notch band at 7 GHz, besides enabling operation in LB. To maintain simplicity, two L-shaped arms are used to form radiator B and optimized to achieve the two aims; see Figure 1 (c). While optimizing radiator B, steps are taken to maintain the small size of the 2
International Journal of Antennas and Propagation overall structure. With the addition of radiator B, the notch band at 7 GHz is eliminated, with a resonance at about 6.5 GHz; see Figure 2 . Besides that, this modification also provided additional dual resonance at 4.2 GHz and 5 GHz in LB. However, the antenna exhibited a marginal operation at 5 GHz. To improve this, multiple impedance matching techniques are used in the next modification. The final topology that incorporates both radiators prior to the next optimization phase is shown in Figure 1 (c). Next, steps are introduced to improve impedance matching [20] . Specifically, a single step is introduced at the inner border of radiator B and two steps at the outer borders. The introduction of the steps increased the total bandwidth in LB by lowering the initial resonance at 5 GHz. The steps introduced on the outer borders also improved the bandwidth in HB by enhancing parasitic coupling from radiator A.
Final Antenna Topology.
The final antenna topology is a three-layered structure symmetrical at the x-axis as shown in Figure 3 (a). The middle layer felt substrate is sandwiched between two conductive ShieldIt layers. The top layer is the radiating layer (with radiators A and B), and the full ground plane layer is at the bottom. The overall antenna size is 42 × 39 mm 2 with a total thickness of 3.34 mm as shown in Figure 3 (b). The feedlines to the two radiators (A and B) are fed using a coaxial cable from its center. To achieve a wide bandwidth in HB with a dual property, two bandwidth enhancement techniques are combined and used. They are (1) the multiresonance technique with two radiators [21] and (2) the parasitic coupling technique between two radiators [22] . Furthermore, the individual line widths that feed the respective radiators are optimized to achieve a notching property between LB and HB. The proposed antenna design employs the minimum use of bandwidth enhancement techniques to reduce the radiator complexity and to minimize radiation pattern distortions. Radiator A uses a resonance overlapping technique between a simple square patch and two L-shaped sections to achieve a wide bandwidth in HB. Radiator B consists of a simple L-shaped radiator. Steps are introduced onto their feedlines to improve impedance matching. The nonuniform gap that provides parasitic coupling between the borders of radiators A and B is optimized with the smallest gap of 2 mm. This is maintained in order to reduce fabrication errors, as the antenna is fabricated using simple manual cutting tools. The fabricated prototypes are shown in Figure 3 (c). The prototypes were fabricated manually using simple cutting tools [10] . Firstly, ShieldIt and felt textiles are dimensioned into their required shapes and sizes using manual tools such as a knife, scissors, and scale. Then, an ironing process is applied onto the ShieldIt textile when placed on the felt textile to secure the textile onto the substrate. A hole is made through the substrate and ground plane before the placement of a 50 Ω SMA connector.
Simulation and Measurement Results
All simulations were performed in CST Microwave Studio software using a transient solver. During the design stage, initial simulations are performed with low mesh and low accuracy to achieve efficient computation as mentioned in [20] . This is performed prior to detailed simulations with high accuracies of up to -40 dB and with high mesh settings. Besides the evaluations in free space (FS), the antenna is also evaluated on body (OB) to characterize its robustness in terms of performance. OB simulations were performed by placing an antenna in close proximity to a simplified two-third muscle equivalent homogenous body model [4] , sized at 66 × 64 × 44 mm 3 . Its relative permittivity is 50.8 and its conductivity is 3 S/m between 3 and 11 GHz. The proposed antenna is located at the center above this tissue model with an air gap of 10 mm as shown in Figure 4 (a). This air gap is a realistic approximation of the actual placement of a wearable antenna on the human body with clothing [6, 17] . Furthermore, to validate the on-body simulation, a detailed human body voxel model (as shown in Figure 4 (b)) with a resolution of 2 × 2 × 2 mm 3 is used in CST by placing the proposed antenna at a distance of 10 mm from the upper . The bend tool from CST Microwave Studio is used to bend the antenna and body model (including the airgap) cylindrically with the intended angles defined towards both directions from the center of the structure. Two antenna parameters, S 11 and realized gain, are evaluated under these bent conditions prior to their performance analysis. Three prototypes, Prototype 1 (P1), Prototype 2 (P2), and Prototype 3 (P3), were fabricated. The FS and OB experimental setup is shown in Figure 5 (a). For OB S 11 measurements, the prototypes were placed on the arm at a distance of 10 mm to validate the simulation results obtained when the proposed antenna is placed on both the simplified equivalent homogenous model and the voxel model.
Reflection Coefficient (S 11
). The proposed all-textile antenna fulfills several operating bands within the UWB-WBAN application as specified by the IEEE 802.15.4
standard. In the UWB-LB, the proposed antenna successfully operated from 3.65 GHz to 4.30 GHz with a total operable bandwidth of 650 MHz in free space based on the -6 dB limits; see Figure 6 . It successfully achieves its operation in Table 1 . Meanwhile, the antenna operated partially in the optional (O) Channels 0 and 2, with the operating bands of 88.1 MHz and 60.7 MHz, respectively. In HB, a wide bandwidth of 3.8 GHz is achieved in FS, operating from 6.3 GHz to 10.1 GHz; see Figure 6 . This indicates the coverage from Channels 4 to 9 as shown in Table 1 , including the mandatory Channel 6 centered at 7.897 GHz. Partial operation is achieved in Channels 3 and 10, with an operating bandwidth of 396 MHz and 66 MHz, respectively. The FS S 11 measurement results of three fabricated prototypes are illustrated in Figure 6 indicating a satisfactory agreement with simulation results. The measured S 11 of Prototype 1 (P1) exhibited a partial operation in mandatory Channel 1 in LB with 110 MHz of bandwidth. A major detuning is observed in LB with no operation in both Channels 0 and 2. This is caused by the variation of its thickness due to its flexibility, one of the major causes of antenna detuning when evaluated in free space [23] . Meanwhile in HB, the operation in all Channels from 3 to 10 is achieved with partial operation in Channels 3 and 10, as shown in Table 1 . Partial operation with the bandwidths of 129 MHz and 66 MHz is achieved for Channels 3 and 10, respectively. Between simulated and measured S 11 , detuning is observed in LB and a shift of operation to lower frequency by 800 MHz is observed for Prototype 2 (P2) and Prototype 3 (P3). Prototype 2 achieved its operation in all channels of HB with partial operation in Channels 5 and 6, with the operational bandwidths of 322 MHz and 247 MHz, respectively. Prototype 3 operated in all HB channels except in the optional Channel 8. Details of each prototype's operation are summarized in Table 1 .
The OB response in LB exhibited a slight degradation in the operating bandwidth, as shown in Figure 7 . The proposed antenna maintained its operability in the mandatory Channel 1 with a bandwidth of around 496 MHz (operating from 3.8 to 4.3 GHz). The OB S 11 response in HB agrees well with the response in FS, with a shift of its operating region by 272 MHz towards the higher frequencies. Compared to measurements in FS, although the partial operating bandwidth in Channel 3 is reduced by 5 MHz, it successfully achieved its full operation in Channel 10 when placed on body. On the other hand, the on-body S 11 response with the human body voxel model is also shown in Figure 7 . The on-body S 11 response with the voxel model agrees very well with the on-body S 11 response when placed near the simplified body model, with minor degradations observed, especially at 4 GHz and 8 GHz. The OB measurement of S 11 was performed for prototypes 2 and 3. Compared to OB simulation results, the measurement results exhibited a major detuning in LB as shown in Figure 7 . In HB, both measured S 11 exhibited a shift of operation to lower frequency by about 1 GHz. Despite observing this behavior for both prototypes, they operated in all HB channels. Prototype P2 achieved its full operation in Channels 3, 4, 7, and 8, and it partially operated in Channels 5, 6, and 10 with the operating bandwidths of 332 MHz, 237 MHz, and 218 MHz, respectively. Prototype P3 achieved its full operation in Channels 3, 4, 5, and 9, including the mandatory Channel 6. It partially operated in Channels 7, 8, and 10 with the operating bandwidths of 213 MHz, 51 MHz, and 436 MHz, respectively. The detailed comparison of the OB simulation and measurements is presented in Table 2 . 
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The proposed antenna is further evaluated under bent conditions in simulations using the simplified body model at 30°and 60°bends. It successfully preserved its operation in the mandatory Channel 1 when bent at 30°, along with partial operation in Channel 0 as presented in Table 2 . In HB, the proposed antenna successfully operated from Channels 3 to 9, including the mandatory Channel 6 under the 30°b ent condition. When bent at 60°, the proposed antenna also successfully preserved its operation from Channels 3 to 8, including the mandatory Channel 6 in HB as shown in Figure 7 . However, its operation in the LB mandatory channel is poor. Meanwhile, a partial operation in Channel 0 of LB and Channel 8 of HB is observed, with the operating bandwidths of 411 MHz and 386 MHz, respectively. The measured OB S 11 results are in good agreement with the measured S 11 result in FS, as illustrated in Figure 8 . This indicates the ability of the proposed prototype in preserving the performance when placed on body.
Radiation Performance.
The radiation patterns of the antenna are then assessed in the yz and xz planes. The radiation in the xz plane is measured by varying θ at φ = 0°cut. Meanwhile the yz plane patterns are evaluated by varying θ at φ = 90°cut. Both cuts are evaluated at the center operating frequency of each channel, in both FS and OB. In the mandatory LB channel, the pattern is evaluated at 4 GHz, which is the center frequency of Channel 1. Meanwhile, in HB, radiation patterns were assessed at 7, 7.5, 8, 8.5, and 9 GHz, which are the center frequencies of Channels 4, 5, 6, 7, and 8. Radiation patterns in FS and OB are illustrated in Figure 9 at both the xz and yz planes. The radiation patterns for Channel 1 shown in Figure 9 (a) are symmetrical and quasiomnidirectional in the yz plane due to the symmetrical antenna topology at the y-axis. The antenna featured a broadside radiation pattern with a half-power beamwidth (HPBW) of 66.7°. An asymmetrical radiation pattern with reduced omnidirectivity is observed in the xz plane. The characteristics of the radiation patterns are tabulated in Table 3 . The OB radiation patterns in both the xz and yz planes exhibit sharp nulls at θ = 180°, with several smaller nulls in the back radiation from θ = 90°to 270°in both planes. In the yz plane, the proposed antenna preserves its broadside radiation, maintaining almost the same main lobe magnitude and the angular width. Meanwhile, in the xz plane, the angular width is reduced from 71.8°to 62.3°.
The FS and OB radiation patterns in HB are shown in Figures 9(b)-9(f) for both yz and xz planes. The proposed antenna generally exhibited omnidirectional and nonuniform radiation patterns in free space. Several dominant beams are also observed in the xz plane. As shown in Figures 9(b)-9(d) , the antenna exhibits more radiation directed towards the half section (from θ = 180°to 360°) in the xz plane at 7, 7.5, and 8 GHz. The patterns at these frequencies exhibited similar characteristics, with the diminishing of the sharp null at θ = 180°with an increase in the frequency. Meanwhile, the OB radiation at these frequencies exhibited its ability to preserve the pattern on broadside when placed on the homogenous body model. The broadside pattern is similar to the FS pattern, with major null points at the same θ angles and with similar angular width. A minor change in magnitude of the null points is observed, with smaller nulls at the back radiation. The nonuniform radiation with ripples in its back radiation observed is mainly due to the coupling with the homogenous body model, indicating a reduction of the back radiation at the three 7 International Journal of Antennas and Propagation frequencies. Meanwhile, at 8.5 and 9 GHz, the shift in the null locations is exhibited in the OB patterns. The radiation tends to be directed towards the right half in the xz plane, as shown in Figures 9(e) and 9(f) . In the xz plane at 8.5 GHz, a uniform omnidirectional pattern is observed in FS with small nulls. All FS patterns in the high band excluding the radiation at 8 GHz displayed a high side lobe level ranging between -1 and -2.3 dB in the xz plane; see Table 3 . Meanwhile, at International Journal of Antennas and Propagation 8 GHz, the pattern exhibited a beam width of 34.5°with a reduced lower side lobe of -7.1 dB.
In the yz plane, the evaluated radiation pattern in FS and OB exhibited a directional pattern with maximum broadside radiation at the centre frequency of the individual channels in HB. The radiation of the proposed antenna exhibited robustness with consistent broadside radiations in the yz plane throughout the high band in both FS and OB. Relative to the xz plane, the better consistency of the radiation is evident in the yz plane. At 8 and 8.5 GHz, sharp nulls are observed at θ = 0°. The antenna also exhibited a dual beam property with a broadside angle of θ = ±30°at 7.5, 8, and 8.5 GHz in the yz plane. This characteristic is observed to diminish with an increase in channel frequency. When placed on body, such property tend to become more visible at 8 GHz and 8.5 GHz with deeper nulls. The evaluated OB pattern throughout the high band exhibits reduced low back radiation, with the appearance of more ripples as the frequency increases. Details of the properties of the radiation patterns in the high band are summarized in Table 3 . Meanwhile, a realized gain of 6 dB is observed in Channels 5, 8, and 9. OB evaluations further increased the gain in the high band by an average of 1 dB except in Channels 4 and 8. The gain in Channel 4 is decreased by about 2 dB from 4.8 dB to 2.7 dB. On the contrary, realized gains are negative in value throughout the notch band. Meanwhile, under both 30°and 60°bent conditions, the proposed antenna fails to preserve its performance in the mandatory Channel 1, producing negative gains. However, the antenna maintained high gains in HB, throughout Channels 3 to 9. High gains of between 4 and 6 dB are featured in Channels 3 to 7 when evaluated with 30°and 60°bends.
The FS simulation of the fidelity factor was performed by placing farfield probes at a distance of 10 cm from the proposed antenna. Fidelity is evaluated by determining the peak of the cross correlation between the port and the probe signal [24] . The probes are placed by varying θ in a fixed step of 20°in the xz plane (φ = 0°) and yz plane (φ = 90°). The simulation setup is shown in Figure 11 . The default Gaussian excitation port signal was used to compute the cross correlation. The computed fidelity shown in Figure 12 indicated a maximum fidelity of 87% at θ = 140°in the xz plane. Meanwhile, in the yz plane, the maximum fidelity factor is 71.2% 9 International Journal of Antennas and Propagation at θ = 100°. The average fidelity in the xz plane is 73.6%, which is acceptable.
SAR and Comparison Evaluation.
Finally, the specific absorption rate (SAR) is evaluated using a detailed human body voxel model in CST. The SAR evaluations were performed at two frequency points, 4 GHz and 8 GHz, with an input power of 0.5 W (rms) [25] . The calculated SAR at these frequencies are well under the Federal Communications Commission-(FCC-) regulated limit of 1.6 W/kg averaged over 1 g of tissue [26] , with values of 0.335 and 0.491 W/kg, respectively; see Figure 13 .
To highlight the uniqueness of the proposed antenna, it is compared with existing UWB antennas designed for WBAN applications. Existing UWB antennas with different topologies are selected and compared in terms of operating bandwidth, notching property, overall size, and ground plane type, as listed in Table 5 . It is shown that the most popular method to achieve UWB band with minimized antenna size is by using the CPW topology with either partial or slotted ground planes. However, the coupling introduced by the use of such techniques has shown to degrade the antenna performance when operated on the human body [14] . In addition, the presence of back radiation reduces the attractiveness of such antennas for employment in WBAN applications. The comparison against existing UWB antennas with a full ground plane also indicated the achievement of FCC-compliant UWB characteristics with larger sizes as compared to the proposed antenna. Besides that, introducing the notching property in such UWB antennas for IEEE WBAN compliance will result in added complexity and size while simultaneously trying to implement a full ground plane. On the contrary, the proposed antenna provides a compact topology with notching property and low complexity to enable operation in the UWB bands specified by the IEEE WBAN standard.
Conclusion
A miniaturized all-textile antenna with a simple antenna topology is proposed for its application in UWB-WBAN specified by the IEEE 802.15.4 standard. It has an overall size of 39 × 42 × 3 14 mm 3 and incorporates two broadbanding techniques to maintain a simple radiator topology. The two bandwidth enhancement techniques, multiresonance overlapping and parasitic coupling, provided successful operation in both LB and HB channels of WBAN. The proposed antenna successfully achieved its operation in all channels of LB and HB with notching properties from 4.6 to 6.5 GHz. The proposed antenna, when evaluated on body, International Journal of Antennas and Propagation operated in the mandatory Channel 1 and optional Channel 2 in LB. Meanwhile, in HB, the proposed antenna successfully operated in all channels (from Channels 3 to 10), including the mandatory Channel 6. The evaluation results of the S 11 response and realized gain of the proposed antenna under bend angles of 30°and 60°by placing it on a simplified body model are presented. The proposed antenna exhibited an ability to preserve its performance in HB under bending conditions. The SAR evaluation of the proposed antenna is also presented, exhibiting a satisfactory fidelity factor in the xz plane with an average of 73.6% in free space fidelity. On the other hand, its SAR level of 0.491 W/kg fulfills the absorption requirement specified by FCC.
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